Although exponential growth of Bacillus subtilis 168 in a phosphate-limited medium halted with the exhaustion of inorganic phosphate, the bacteria continued to grow at a slower rate for a further 3 to 4 h at 370C. This postexponential growth in the absence of an exogenous phosphate supply was accompanied by a loss of teichoic acid from the cell walls of the bacteria. Quantitative analysis of walls and culture fluids showed that the phosphate loss from the walls could not be accounted for by an increase in phosphate-containing compounds in the medium, which implied that the cells were using their own wall teichoic acids to supply phosphate necessary for growth. Addition of exogenous teichoic acid to phosphate-starved cultures resulted in stimulation of growth and in the simultaneous disappearance of teichoic acid phosphate from the medium. It is proposed that teichoic acids, which can contain more than 30% of the total phosphorus of exponential-phase cells, can be used as a reserve phosphate source when the bacteria are starved for inorganic phosphate.
Although exponential growth of Bacillus subtilis 168 in a phosphate-limited medium halted with the exhaustion of inorganic phosphate, the bacteria continued to grow at a slower rate for a further 3 to 4 h at 370C. This postexponential growth in the absence of an exogenous phosphate supply was accompanied by a loss of teichoic acid from the cell walls of the bacteria. Quantitative analysis of walls and culture fluids showed that the phosphate loss from the walls could not be accounted for by an increase in phosphate-containing compounds in the medium, which implied that the cells were using their own wall teichoic acids to supply phosphate necessary for growth. Addition of exogenous teichoic acid to phosphate-starved cultures resulted in stimulation of growth and in the simultaneous disappearance of teichoic acid phosphate from the medium. It is proposed that teichoic acids, which can contain more than 30% of the total phosphorus of exponential-phase cells, can be used as a reserve phosphate source when the bacteria are starved for inorganic phosphate.
The structure, biosynthesis, and properties of teichoic acids in the cell walls of gram-positive bacteria have been studied extensively since their discovery 20 years ago (2, 32) , but little attention has been paid to the degradation of these polymers, either in the intact cell or as cell wall debris in the environment.
"Turnover" of teichoic acid occurs during exponential growth of some gram-positive bacteria, in the sense that teichoic acids are released from cell walls as a consequence of overall wall turnover and the continuing biosynthesis of new wall material (6, 9, 35, 37, 52) . However, in those studies in which the turnover products were examined, it was found that most if not all of the teichoic acid accumulated as high-molecularweight material in the culture fluid (6, 9, 35) . It is probable that the polymers are excised by the action of autolysins on the peptidoglycan framework of the wall, and that they are released to the medium still covalently linked to peptidoglycan fragments. No re-utilization of these turnover products occurs (21) . Teichoic acids are also removed from cell walls when gram-positive bacteria are grown under conditions where the supply of inorganic phosphate is restricted, either by continuous limitation in a chemostat (3, 18, 19, 23, 30) or by exhaustion of the anion in a batch culture (38) . However, in contrast to turnover as described above, the biosynthesis of teichoic acid ceases under these circumstances and is replaced by the synthesis of an alternative anionic wall polymer, teichuronic acid, which contains no phosphate (18, 19, 23, 30, 38, 43) . Teichoic acids therefore disappear rapidly from the cell walls under these conditions, and although there is some evidence that they again accumulate in the culture medium (18) , this has not been confirned quantitatively.
Although excision of teichoic acid molecules into the medium during wall turnover in exponentially growing cells is perhaps not surprising, it seems unlikely that bacteria would jettison a phosphate-rich polymer when faced with conditions of phosphate starvation. I have investigated the possibility that cell wall teichoic acid can act as a phosphate-reserve polymer, and have shown that, when starved for inorganic phosphate, Bacillus subtilis 168 is capable of using its own cell wall teichoic acid to supply phosphate for growth. [Awo] in a Pye-Unicam SP6-400 spectrophotometer, 1-cm light path). Small-scale cultures (10 to 200 ml) were grown at 370C in a reciprocating shaking water bath (6-cm strokes, 100 strokes per min). Larger cultures (500 ml to 2.5 liter) were incubated at 370C in a water bath and sparged with sterile air at a rate of 44 liters/h. Growth was measured turbidimetrically or by dry weight determinations on duplicate 100-ml or 200-ml samples of culture.
MATERIALS AND METHODS
Bacteria for the preparation of cell wall teichoic acids were grown at 300C in the complex medium described by Hughes (28) and were harvested at the end of exponential growth.
Preparation of cell walls from PL cultures. Samples (800 to 1,000 ml) were immediately centrifuged at 20C in precooled bottles and rotor in a Beckman J-21B refrigerated centrifuge at 5,000 x g for 20 min. The supernatants were passed through 0.45-,um membrane filters, then stored at -18°C until required for phosphate analysis. The cells were washed once with ice-cold 0.9% saline solution, suspended in 18 ml of saline, then broken in a cell homogenizer (B. Braun, Melsungen, West Germany, model M.S.K.) with an equal volume of Ballotini beads (0.1-to 0.11-mm diameter). Two 1-min treatments at 4,000 rpm with intermittent cooling with liquid C02 from an inverted cylinder produced almost complete breakage (>99%) of cells, as shown by phase-contrast microscopy. All subsequent operations were carried out at 0 to 20C with prechilled solutions to minimize cell wall autolysis. Crude walls, precipitated by centrifugation at 10,000 x g for 30 min, were suspended in saline, then centrifuged repeatedly at 1,000 x g for 5 min to remove unbroken cells. The small pellets from these treatments were enriched in whole cells but were largely composed of cell walls. To reduce wall losses, these were resuspended, combined, and centrifuged at 1,000 x g for 10 min, after which the supernatant, which contained walls and fine debris, was combined with the main preparation. (The pellet, which still contained walls as well as whole cells, was washed twice with water, freeze-dried, and weighed. The weight of whole cells plus walls from this preparation was always less than 10% of the final determined yield of walls [see below], so that actual loss of walls at this point was relatively small.) The walls were then washed twice in 1 M KCI and twice in filtered, distilled water, then thoroughly suspended in water to exactly 10 ml. Aliquots of the smooth, well-mixed suspension were freeze-dried in tared containers to determine cell wall yield. The remainder of the preparation was further purified by washing eight more times in distilled water. After each wash, small quantities of debris and clumped walls were removed from the base of the pellet. The walls were heated in a boiling water bath for 10 min to denature autolytic enzymes, then treated with deoxyribonuclease and ribonuclease as described by Ellwood (17) . Although this treatment does not totally remove nucleic acids from isolated walls (8) , the levels of nucleic acid P remaining after nuclease digestion are negligible compared with the proportion of teichoic acid P. After two further washes, the purified walls were recovered by freeze-drying.
Preparation of teichoic acids. Walls from B. subtilis grown on a complex medium (28) were prepared essentially as described in the previous section except that the heat denaturation and nuclease digestion steps were omitted.
Acid-extracted teichoic acid was prepared from these walls (125 mg) by extracting with 10% (wt/vol) trichloroacetic acid for 96 h at 40C and recovering the product as described by Forrester and Wicken (22) . The yield was 24 mg. This material was partially purified by gel filtration on a column of Sephadex G-200 (44.5 by 2.0 cm) equilibrated and eluted with 0.2 M ammonium acetate buffer (pH 6.9). The elution profile, established by phosphate analyses of the column fractions, showed a single peak with a slight shoulder at the trailing edge. The fractions comprising the main peak were pooled, dialyzed exhaustively to remove salt, then freeze-dried. The yield was 15 mg.
To prepare "native" teichoic acid, cell walls (250 mg) were allowed to autolyze in suspension in 50 ml of 0.02 M ammonium carbonate buffer (pH 8.8) at 370C. After 18 h, the turbidity of the suspension was reduced by 94%. Undissolved material was removed by centrifugation, and then the autolysate was dialyzed against three changes of distilled water at 40C to remove salts and small peptidoglycan fragments. Upon freezedrying, the yield of this crude, native teichoic acid preparation was 159 mg.
Purification of the teichoic acid from the crude preparation followed the affinity chromatography procedure devised by Doyle et al. (14) , except that the ionic strength of the eluting buffer (0.05 M methyl a-D-glucoside in 0.03 M Tris-hydrochloride, pH 7.3) had to be increased to remove the teichoic acid molecules from the column of ConA-Sepharose 4B (concanavalin A bound to Sepharose 4B, as supplied by Pharmacia Fine Chemicals Ltd., Uppsala, Sweden). NaCl was added to 1.0 M for this purpose. After dialysis to remove salts and the glucoside, the purified native teichoic acid was recovered by freeze-drying.
Analytical methods. Routine analyses for total and inorganic phosphate used the method of Ames (1) . Because of low concentrations of phosphate in samples of culture supernatants and the high content of organic matter in these samples (in particular, the Tris from the buffered medium), accurate total phosphate analysis required a more vigorous oxidation procedure using perchloric acid digestion (41) . Samples of PL medium prepared without phosphate were included as controls in these analyses. Total phosphate in dried whole bacteria was also determined by the perchloric acid digestion method (41) . Uronic acid in cell walls was estimated by the method of Blumenkrantz and Asboe-Hansen (5), using glucuronic acid as a standard. Glucose was determined with glucose oxi-TEICHOIC ACID AS PHOSPHATE RESERVE POLYMER dase (TEKIT 952DM, Searle Diagnostics Inc.).
Amino acids in cell walls and in teichoic acid preparations were identified by two-dimensional paper chromatography after hydrolysis with 6 M HCI at 110°C for 16 h and deacidification by repeated evaporation in vacuo over NaOH pellets and P206. Diaminopimelic acid (Dpm) in cell walls was determined by quantitative paper chromatography of similar hydrolysates, as described by Forrester and Wicken (22) . Before such analysis for Dpm in whole cells, the crude peptidoglycan was prepared by the extraction procedure of Schleifer and Kandler (45) . Other components of teichoic acid preparations were separated and identified by paper chromatography of milder hydrolysates (2 M 101, 1000C for 3 h) (22) . Similar 2 M HCI hydrolysates were neutralized with NaOH, then analyzed quantitatively for glucose and for inorganic and total phosphate. Glycerol in these hydrolysates was estimated by a periodate oxidation method (24) after dephosphorylation of glycerol phosphomonoesters with alkaline phosphatase (50) .
Alkaline phosphatase activity in B. subtilis cultures was assayed by centrifuging 1.0-ml samples, suspending the cells in 1.0 ml of 1.0 M diethanolamine-hydrochloride buffer (pH 10.0) at 370C, and adding 1.0 ml of a 1.0-mg/ml solution of 4-nitrophenyl disodium orthophosphate in the buffer at 370C. The mixture was incubated for 10 min at 370C, and then the reaction was stopped by adding 1.0 ml of 2 M NaOH. After removal of the cells by centrifugation, the absorbance of the supernatant was measured at 420 nm using a reagent blank as a reference. For the purposes of this investigation, specific activity can be expressed as the ratio between the absorbance and the culture turbidity, i.e., A42o/Awo. Tables 1 and 2 
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Inorganic phosphate (A) and glucose (E) concentrations in the PL medium were measured at intervals. The appearance of alkaline phosphatase activity in the cells of the PL culture is also shown (-).
to the continuous decrease in growth rate that occurred at the end of the exponential phase of growth in the same medium supplemented with excess inorganic phosphate (Fig. 1) .
This biphasic growth was consistently obtained in this medium and in other media limited in inorganic phosphate. Bacteria grown in PL medium prepared with lower initial concentrations of KH2PO4 entered the slow-growth phase at earlier points on the growth curve, and similar profiles were obtained when sodium lactate was used instead of glucose as the carbon source. Similarly, when the bacteria were grown in the 37 VOL. 137, 1979 GRANT phosphate-limited medium of Mauck and Glaser (36) buffered with either 0.1 M Tris or 0.05 M N-tris(hydroxymethyl)-methyl-2-aminoethanesulfonic acid, the second growth phase was again observed.
When B. subtilis was grown at 200C in PL medium, the slow-growth phase lasted for 25 to 30 h.
Phosphate balance in the second growth phase. Cell walls were prepared from bacteria harvested at points early (E; Aeo = 0.65) and late (L; A6w = 1.05) in the second growth phase (Fig. 1) in two separate experiments. The phosphate and uronic acid contents of these walls (Table 1) were consistent with the replacement of teichoic acid by teichuronic acid in cell walls of phosphate-limited B. subtilis first reported in chemostat cultures (18) and later in batch cultures (38) . After prolonged incubation of a culture in PL medium (15 h after exhaustion of inorganic phosphate), the phosphate content of the cell walls had decreased to 0.14 ,umol/mg, although some lysis had occurred and most cells were swollen or aberrant in shape.
Analysis of the culture supernatants at sampling points E and L showed that only slight and late (L) in the second growth phase in PL medium (see Fig. 1 ).
J. BACTERIOL. increases in total phosphate had occurred over the second growth period, and the significance of this result is set out in (Table 3) , these data showed that no major losses had occurred during wall preparations. Allowance in Table 2 for the slight losses sustained in preparing L walls would decrease the percentage of wall phosphate unaccounted for, but would not affect the overall conclusion from this Table. Dpm analyses of the walls also provide additional evidence for their purity. The figures obtained for the E walls (Table 3) compare favorably with those published previously for the walls of this strain prepared from late-exponential-or early-stationary-phase cells (29, 54) , and although the Dpm contents of the L walls were somewhat higher, this was also found by Young (54) for walls of late-stationary-phase cells.
Finally, although it is possible that weighing of walls that had been purified only partially (to avoid the losses inherent in the complete washing procedure) could result in overestimates of yields because of incomplete removal of contaminating material, analysis of these walls gave phosphate figures within 10% of those in Table  1 . It therefore seems unlikely that the large discrepancies in the phosphate balances in Table   2 weight. Analysis of mid-exponential-phase cells gave a similar result (2.4% P). Using the former figure and data in Fig. 1A and Table 2 , it can be calculated that at the beginning of the second growth phase in PL medium the cell wall contained about 35% ofthe total phosphorus present in the bacteria. Approximately 11% of wall phosphorus in B. subtilis 168 is present as a sugar-lphosphate polymer (16) , whose fate during phosphate limitation is unknown, but even allowing for this polymer it can be seen that cell wall teichoic acid still accounts for some 31% of the total phosphorus in the cell. Although this may appear surprisingly high, comparable figures can be obtained from data in the literature. Although values would undoubtedly vary with growth conditions, a figure of about 3% is commonly given for the phosphorus content of bacteria on a dry weight basis (34, 46) . Using this figure and the data of Ellwood (17) for yields and phosphate contents of B. subtilis walls, it can be shown that in five different growth regimes more than 30% of the total phosphorus of the cells was present in the cell walls. In two others the figures were 17 and 21%. Although these percentages can be regarded as a guide only, they indicate that the results obtained above are not unusual, and that, when exogenous phosphate is not limited, teichoic acid is quantitatively one of the main phosphate sources in the cell. It is therefore likely that degradation of this polymer would provide phosphate in sufficient quantities to support continued growth of the cells for some time after the exhaustion of inorganic phosphate in the medium. Extraction of teichoic acids from B. subtilis 168. If B. subtilis can use its wall teichoic acid as a phosphate reserve, addition of exogenous teichoic acid to phosphate-limited cultures should stimulate growth of the bacteria. Three preparations were used in such experiments. Acid-extracted, crude native, and purified native teichoic acids were prepared as described in Materials and Methods. Acid-extracted teichoic acid, which was probably partially degraded by virtue of its extraction with trichloroacetic acid (32), was composed of alanine, glycerol, phosphate, glucose, and traces of galactosamine, as shown by paper chromatography of acid hydrolysates (22) . Crude native teichoic acid, the nondiffusible fraction from an autolysate of cell walls, would have contained molecules of teichoic acid, undegraded except for the loss of Dalanyl ester residues (28), linked to peptidoglycan fragments. Much smaller quantities of the sugar-1-phosphate polymer bound to similar but discrete peptidoglycan fragments would also have been present (16) , as well as partially degraded, unsubstituted peptidoglycan material (28) . Affinity chromatography of this preparation (14) yielded purified native teichoic acid, the composition of which is shown in Table 4 . The glycerol and phosphate figures closely resemble those published by Doyle et al. (14) , although the value for glucose is significantly lower than theirs, probably because of differences in the growth conditions used. Variation in the extent of glycosidic substitution on teichoic acid chains is well documented (32) , and Boylen and Ensign (7) have shown that the extent of glucosylation of teichoic acid from B. subtilIs 168 depends on the age of the cels. The purified teichoic acid preparation contained no free inorganic phosphate and no detectable (14) .
b Figure corrected for partial destruction during acid hydrolysis.
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r' 4 phosphomonoester residues, as shown by analysis before and after treatment with alkaline phosphatase.
Addition of teichoic acids to phosphatestarved cultures. A culture in the second phase of growth in PL medium was divided into five equal portions in separate flasks. Equal volumes of different phosphate sources added to four of these flasks gave a concentration in each of 0.5 mM with respect to P. The fifth flask, the control, received the same volume of sterile water. The phosphate sources (KH2P04, disodium glycerol-l-phosphate, acid-extracted teichoic acid, and the crude native teichoic acid) were adjusted to pH 7 and sterilized by filtration before use ( Fig. 2A) . As expected, inorganic phosphate rapidly increased the growth rate over that of the control. A similar result was obtained with the glycerol phosphate salt, since inorganic phosphate would have been rapidly released from this compound by alkaline phosphatase, the synthesis ofwhich was fully derepressed under these conditions (Fig. 1) . Stimulation of growth by addition of crude native teichoic acid was only slightly slower than that produced by the two simple phosphates, which indicated that the preparation was indeed supplying the cells with phosphate. Acid-extracted teichoic acid stimulated growth only slightly, and then only after a prolonged lag, which may indicate that teichoic acid-degrading enzymes are specific for the native polymer. Such a specificity for native teichoic acid was found in the pneumococcal tei- choic acid phosphorylcholine esterase discovered by Holtje and Tomasz (26) . In another experiment, purified native teichoic acid was added to a phosphate-starved culture, and samples of the culture fluid were recovered by filtration at intervals over the subsequent growth period and analyzed for phosphate (Fig. 2B) . Addition of glucose or glycerol to phosphate-starved cultures had no effect on the growth curve, thus ruling out stimulation of growth by the organic constituents of the teichoic acid. Taken together, these results indicate that teichoic acid phosphate was responsible for the increased growth response of B. subtilis observed in these experiments, and therefore that teichoic acid was being degraded by the phosphate-starved cells.
Addition of teichoic acid from B. subtilis 168 to phosphate-starved cultures of other bacteria. The crude native teichoic acid preparation was added, as described in the previous section, to cultures of the following bacteria after exhaustion of inorganic phosphate from the medium: Escherichia coli NCTC 5934, Pseudomonas putida NCIB 9941, Arthrobacter ureafaciens NCIB 7811, B. megaterium NCTC 10342, and an unrelated strain of B. subtilis, ATCC 6633. Increase in growth over that of the unsupplemented control culture was not observed for any of these bacteria, although controls of B. subtilis 168 run simultaneously produced curves identical to those shown in Fig.  2A . This result probably implies either that teichoic acid hydrolases were not present in these organisms, or, perhaps more likely for the grampositive species, that the enzymes were specific for the homologous teichoic acids. Of the four enzymes known to be involved in degradation of teichoic acids, three possess quite marked substrate specificities (26, 31, 51) . DISCUSSION The entry of B. subtilis cultures into a welldefined and productive second growth phase upon depletion of inorganic phosphate in the medium (Fig. 1) implies that an altemative supply of phosphate was available to the cells during this phase. An increase in the rate of inorganic phosphate uptake during phosphate starvation, as has been shown for B. cereus (42) , would not by itself account for the large increase in cell mass in the second growth phase, since the concentration of inorganic phosphate at the end of the exponential phase was extremely low (less than 106 M). Scavenging of organic phosphates in the medium by the action of the phosphodiesterases and alkaline phosphatase that are synthesized by this species at the onset of phosphate deprivation (33, 36, 47) could contribute to the requirement of the cells for phosphate, and it is possible that intracellular reserves such as polyphosphates (25) or even RNA (11, 27) could be mobilized. Nevertheless, since it is well established that the teichoic acid of this strain of B. subtilis disappears from the cell wall under conditions of phosphate starvation (19, 38) , it seemed possible that this polymer could function as a major phosphate reserve substance in this organism, especially considering its quantitative significance in the phosphate economy of the cells during exponential growth.
The results of phosphate analyses of isolated walls and of culture fluids (Table 2 ) support this proposed role for wall teichoic acid as a phosphate reserve polymer, and the capacity of B. subtilis to use exogenous teichoic acid as a source of phosphate has been confirmed by the experiments shown in Fig. 2 . Biphasic growth similar to that described in Fig. 1 (30) . It therefore appears likely that teichoic acid degradation and phosphate assimilation may also take place in other gram-positive bacteria as a response to phosphate starvation.
The reason for the slowing down of growth at the end of the second phase has not been established. Appreciable cell wall phosphate was still present at this point (Table 1) , and there was no lack of carbon source (Fig. 1) . The possibilities that the bacteria were inhibited by the exhaustion of a mineral nutrient or by the accumulation of some toxic product are unlikely since, on addition of excess phosphate, a final growth yield was achieved which was well above that of an unsupplemented culture ( Fig. 2A) . Although teichoic acids are probably distributed throughout the thickness of the cell wall as a consequence of new wall synthesis at the membrane and turnover in the outer wall layers (3, 15, 39, 40) , it may be that some of the teichoic acid molecules in the wall are less accessible to the degrading enzymes than are others. This would account for an initial period of relatively rapid growth being followed by a much slower growth period which could possibly be regarded as approaching a state of maintenance. Disappearance of teichoic acid from the walls continued throughout this latter period, since only about 10% of wall phosphate remained after prolonged incubation of the cultures.
The mechanism of teichoic acid degradation and assimilation in B. subtilis under phosphatelimiting conditions remains to be investigated. It seems possible that degradation could occur at VOL. 137, 1979 or near the wall-membrane interface by the concerted action of a phosphodiesterase and a phosphomonoesterase, followed by transport of the released inorganic phosphate into the cell. Such enzymes are present in this location in B. subtilis (33, 36, 53) , and in fact it has been shown that the syntheses of alkaline phosphatase and a phosphodiesterase share a regulatory element in a phosphate-mediated control system (33) . In terms of this model, an individual cell would use its own teichoic acid as a phosphate reserve. It is also possible, however, that the mechanism involves teichoic acid excision followed by extracellular depolymerization so that the teichoic acids of all the cells in the culture would effectively be pooled. The lack of accumulation of phosphate-containing substances in the culture fluids argues against this mechanism, but if excision were the rate-limiting step in such a process, the existence of a very small extracellular pool might not be detected. The stimulation of growth by exogenous teichoic acid would be more readily explained by this model, since these polymers would not be expected to be readily accessible to membrane-bound hydrolases.
No phosphodiesterases capable of degrading teichoic acids were known until, in 1972, Wise et al. (51) discovered two teichoic acid hydrolases, the first in a bacterium isolated from soil and the second in the parent strain (Marburg) of the organism used in the present study. Since then another "teichoicase" has been reported in strains of B. circulans (31 lier publication (18) that the molecules could be degraded or even assinilated by the growing cells. Degradation of cell wall polymers at the onset of certain growth limitations has been described in fungi (48, 49) , and the possibility that bacterial cell wall components could be used to provide substrates for energy metabolism or biosynthesis has been raised previously (12) . On the basis of the results presented here, I propose that in addition to their role in the sequestration of cations (2) 
